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Abstract 

The superconducting properties of a two-dimensional superconducting wire network 
with a new geometry have been measured as a function of the external magnetic 
field. The extreme localization effect recently predicted for this periodic lattice is 
revealed as a suppression of the critical current when the applied magnetic field 
corresponds to half a flux quantum per unit cell. For this particular magnetic field, 
the observed vortex state configuration is highly disordered. 
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1 Introduction 



Superconducting wire networks are well known model systems which pro- 
vide an unique experimental access [1] to the fascinating properties of the 
energy spectrum of tight binding electrons. For example the critical temper- 
ature of a superconducting network exhibits an oscillatory dependence with 
the magnetic field which very accurately describes the features of the ground 
state of the spectrum. The mapping of the superconducting transition line to 
the Landau Levels is a direct consequence of the analogy between the linear 
Ginzburg-Landau equation for the superconducting order parameter and the 
Schroedinger equation for noninteracting charged particles. Other supercon- 
ducting properties such as the equilibrium magnetization [2] or the critical 
current [3] have also been shown to result directly from the Landau levels 
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spectrum. 



Recently a novel case of extreme localization induced by a magnetic field was 
predicted [4] for noninteracting electrons in a regular two dimensional lattice 
with the so-called T3 geometry (Fig.l, inset). This phenomenon is due to a 
subtle interplay between the lattice geometry and the magnetic field and oc- 
curs for a particular magnetic flux which corresponds to half a flux quantum 
per plaquette. For this special magnetic flux the hopping terms between neigh- 
bour sites interfere destructively and lead to a confinement of the electron 
motion within the so-called Aharonov-Bohm cages. The properties of these 
electronic states are associated with an interesting behaviour of the Landau 
level spectrum for the T3 lattice at half frustration / = 1/2. Here the frus- 
tration / = 0/0o is defined as the magnetic flux per plaquette in units of the 
flux quantum O = h/e. Instead of forming energy bands, the highly degener- 
ate eigenvalues merge into only 3 discrete levels. The confinement effect is a 
consequence of the non-dispersive character of the eigenstates. This contrasts 
with the case of a square lattice [5] where the eigenstates are dispersive and 
form broad energy bands e(k, f) at every rational frustration. 
The signature of the finite group velocity v — ||| of such extended states for a 
superconducting system manifests itself in the ability of the superconducting 
wavefuntion to carry a supercurrent. A simple model based on the depairing 
current of a superconducting wire [6] was developped in [7,3] for supercon- 
ducting wire networks. According to this model the critical current exhibits 
strong maxima at rational frustrations / = p/q (p and q integer numbers) with 
strength proportional to the curvature of e(k). The validity of this picture was 
confirmed by experiments in a square lattice [3]. An alternate formulation in 
terms of vortex pinning for commensurate vortex lattice at rational / is fully 
equivalent. 

The absence of dispersion e(k) in the T3 lattice suggests that the correspond- 
ing superconducting network should be unable to carry a supercurrent at 
/ = 1/2. 



2 Experimental Results 

We have fabricated superconducting wire networks that reproduce the T3 ge- 
ometry and we have studied the consequences of the above charge confinement 
phenomenon on the superconducting properties : critical temperature, critical 
current and vortex configuration. 

The observed T C (H) transition line (Figl.a) can be understood in its very de- 
tails [8] from the ground state of the Landau level spectrum and will not be 
discussed here. The critical current curve measured at constant temperature, 



2 



1 .23 
T(K) 1.22 
1 .21 



100 

\ c (liA) 

50 


1 2 
1 

AT(mK) 8 

C 

6 
4 
2 

0.2 0.4 0.6 0.8 1 
f 

Fig. 1. Top : Critical temperature as a function of the frustration (frustration / = 1 
corresponds to an applied magnetic field of B = 0.234 mT). Middle : Critical current 
at fixed temperature T = 1.185 K. Bottom : width of the superconducting transition. 
Note the behaviour at / = 1/2 strongly differs from the behaviour at other rational 
frustrations / = p/q. Insert shows a micrograph of one part of the measured wire 
network : The aluminum strand are Ifim long with a cross section 100 x 100 nm 2 . 

T = 1.185 K is shown in Fig. lb. For each magnetic field the dynamic resis- 
tance characteristics was measured vs increasing dc bias current. The critical 
current was denned as the threshold current for which the dynamic resistance 
exceeds 0.2% of the normal state resistance (Rn)- The width AT C of the super- 
conducting transition (Fig.lc) is defined as the difference between T c curves 
taken from criteria 0.6-Rat and 0.1-Rtv- The collection of data shown in Fig.l 
reveals a quite unusual behaviour of the superconducting state of the T3 net- 
work. The usual picture that rational frustrations are characterized by (i) an 
upward cusp in the critical temperature curve, (ii) a sharp peak in the critical 
current and (iii) a dip in the transition width, is observed for values 0, 1, 1/6, 
1/3, etc. . .but is not observed for the simplest rational number / = 1/2. In- 
stead one observes a downward cusp in the critical temperature as in the case 
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of an isolated single loop [10] while the critical current shows absolute mini- 
mum for this particular value. The suppression of critical current at / = 1/2 
reflects the effect of the band structure on the superfluid velocity and provides 
strong evidence of the non dispersive character of the eigenstates. The large 
broadening of the transition indicates that phase correlation between network 
sites cannot be established, leading to enhanced phase fluctuations. 
This anomalous behaviour was never pointed out before. We claim that it 
is related to the localization effect discussed in ref[4]. Further experiments 
have been carried out recently in sample with wire strand lengthes as small 
as 0.5/iin and will be published elsewhere [9]. 

The above discussed phenomena have their counterpart on the properties of 
the vortex lattice. The frustration / is still the only control parameter which, 
here, can be viewed as the filling factor for vortices in the plaquettes of the 
lattice. We have used the Bitter decoration technique to visualize the vortex 
configuration in the T3 lattice for / = 1/3 and / = 1/2. As shown recently 
[11] the decoration contrast can be significantly improved, in the case of super- 
conducting arrays, by using the so-called flux compression method in which a 
thin superconducting bottom layer converts the network coreless vortices into 
well-defined Abrikosov vortices. Fig. 2 compares the observed vortex patterns 
for / = 1/3 and f — 1/2. The 1/3 case represents the reference situation where 
the natural triangular vortex lattice is commensurate with the underlying net- 
work. As expected we do observe an ordered state (Fig.2 left) which consists 
of a single domain state with a few point defects but without domain walls. 
The critical current peak and the pinning of the vortex lattice are two related 
phenomena whose origin is the dispersive curve e(k). The nature of the vortex 
state at / = 1/3 in the T3 lattice is similar to that of the checkerboard com- 
mensurate state observed at half filling in a square lattice [12,13]. In contrast, 
the / = 1/2 vortex structure does not exhibit any commensurate state (Fig. 2 
right). A detailed analysis of the measured vortex correlation functions on an 
array containing several thousands plaquettes [9] shows no long range order 
under these conditions. Although there is no available theoretical model for 
the nature of the vortex ground state, the absence of a vortex commensurate 
state is likely consistent with the very high degeneracy of the electronic states 
in the tight-binding formulation. This result may have significant relevance on 
the more general field of frustrated systems. A detailed investigation of the 
ground states of vortices sitting on a Kagome lattice which is the dual of the 
T3 lattice is now in progress [14]. 
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f = 1/3 



f = 1/2 



Fig. 2. The vortex configuration at f=l/3 (left) and f=l/2 (right). Inset : SEM 
picture showing three cells with one decorated vortex clearly visible in the middle of 
the upper cell. The samples for decoration are made of niobium epitaxially grown on 
a sapphire substrate. The elementary strands are lfim long, 100 nm wide and 130 nm 
thick. The 70 nm thick uniform bottom layer allows for unambiguous identification 
of vortices inside the cells (inset) 



3 Conclusion 



It is noteworthy that the rationality of the frustration parameter at / = 1/2 
does not lead to a commensurate state in the T3 lattice. This uncommon 
situation is demonstrated by the decoration experiment. Actually the prop- 
erties of the superconducting state at / = 1/2 are reminiscent of the case of 
irrational frustration [15] in a square lattice. We believe that the anomalous 
superconducting properties presented in this paper are consistent with the 
localization effect predicted in ref [4]. The weakening of phase coherence by 
destructive interference is unambiguously observed. The mapping between the 
superconducting properties with the tight-binding problem allows for a for- 
mal connection between the current carrying superconducting states and the 
Landau level spectrum. The observed magnetic field dependence of the critical 
current can be accounted for qualitatively [8] by expressing the supercurrent 
in terms of the curvature of the band edge e(k). However, this mapping is only 
valid in the vicinity of the critical temperature. The ordinary superconducting 
behaviour is recovered at lower temperature when the superconducting coher- 
ence length becomes smaller than the cell size. In this regime the large energy 
barriers prevents the vortex motion across the superconducting wires. A quite 
different situation may occur in Josephson junction arrays [16] where the su- 
perconducting phase fluctuations play a more important role. The absence of 
commensurate states in the T3 lattice at / = 1/2 may lead to interesting dy- 
namics of the vortices at low temperatures. Apart from the superconducting 
systems, arrays of quantum wires [17] with the T3 geometry are also expected 
to exhibit interesting properties related to this unique interference effect. 
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